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After more than a decade, direct observation of the odd frequency triplet pairing state in super-
conducting hybrid structures remains elusive. We propose an experimentally feasible setup that can
unambiguously reveal the zero energy peak due to proximity-induced equal spin superconducting
triplet correlations. We theoretically investigate a two dimensional Josephson junction in the diffu-
sive regime. The nanostructure consists of a normal metal sandwiched between two ferromagnetic
layers with spiral magnetization patterns. By applying an external magnetic field perpendicular
to the junction plane, vortices nucleate in the normal metal. The calculated energy and spatially
resolved density of states, along with the pair potential, reveal that remarkably, only triplet Cooper
pairs survive in the vortex cores. These isolated odd frequency triplet correlations result in well
defined zero energy peaks in the local density of states that can be identified through tunneling
spectroscopy experiments. Moreover, the diffusive regime considered here rules out the possibility
of Andreev bound states in the vortex core as contributors to the zero energy peaks.
PACS numbers: 72.10.-d, 72.10.Bg, 73.63.-b, 73.25.+i, 74.78.-w
Introduction. In analogy to the pairing mechanism in
3He, spin triplet Cooper pairing was predicted to coexist
with spin singlet correlations in hybrid structures con-
sisting of s-wave superconductors (S) and inhomogeneous
ferromagnets (IFMs)[1–12]. For these types of systems,
spin triplet correlations with nonzero (±1) projections
along a given spin quantization axis can result in long
range proximity effects [1, 2]. It was argued that traces
of the triplet pairing state could be revealed in measure-
ments of the critical supercurrent [1–3, 6, 9, 11, 13–17]
and local density of states (LDOS) [18–21]. In the former
case, the critical supercurrent should show a slow damp-
ing behavior as a function of spin singlet depairing factors
(such as the thickness of a uniform magnetic layer), while
in the later case, the LDOS should exhibit a peak at zero
energy. Unfortunately, an unambiguous and direct ob-
servation of the spin triplet pairing state in F/S hybrid
platforms remains elusive due to the difficulty in isolat-
ing the triplet pairs entirely, even when a half-metallic
ferromagnet is incorporated [8, 9, 20, 22–24]. Thus, it
is preferable to find a practical way to manipulate the
pair correlations so that the singlet and triplet compo-
nents occupy separate regions of space. In contrast to
current approaches [1, 2, 8–11, 14, 15, 19–24], control-
ling the pair correlations in this way can be achieved by
applying a magnetic field to the F/S structure [11], in-
ducing proximity vortices with normal state cores. This
may consequently create a favorable situation where the
singlet and triplet pair correlations can be fully separated
at the vortex cores.
The first experimental observation of nonmagnetic
proximity induced vortices recently occurred in two di-
mensional normal metal (N) Josephson junctions [25]. It
was observed that applying an external magnetic field
perpendicular to a wide SNS Josephson junction causes
nucleation of a vortex lattice in the normal metal parallel
to the SN interfaces. The number of induced vortices de-
pends on the intensity of the externally applied magnetic
field. The proximity-induced vortices in two dimensional
Josephson structures was first discussed theoretically in
connection with the Fraunhofer and anomalous critical
supercurrent responses in Josephson junctions with both
normal metal [26, 27] and ferromagnetic elements [11].
This concept was also recently extended to disordered
surface states of topological insulators and Dirac materi-
als in the quasiclassical regime [28].
In this paper, we study the diffusive S-Ho/N/Ho-S
Josephson junction structure shown in Fig. 1 as a system
for fully isolating the odd frequency spin-1 superconduct-
ing triplet correlations. The existence of the triplet pairs
is directly revealed in the form of DOS signatures. The
role of the Holmium (Ho) layers is that of a spin-1 triplet
pairing source, while the superconducting phase gradient
across the junction drives the triplet pairs into the N re-
gion. By taking advantage of the fact that an external
magnetic field applied perpendicularly to the junction
plane induces vortices in the N region, while expelling
the spin singlet pairs from the vortex centers (creating a
normal core), we demonstrate that spin-1 triplet correla-
tions occupy the normal core region, as revealed through
peaks in the zero energy DOS. We support our find-
ings by a spin parameterization technique to the Green
function of system that allows for fully identifying the
behavior of each individual pair correlation [11]. Since
the N layer is a diffusive metal with numerous strong
scattering sources, the superconducting coherence length
is much larger than the mean free path, and therefore
bound states cannot form at the centers of the vortices,
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2ruling out Andreev bound states as contributors to the
zero energy peak (ZEP). Consequently, the spin-1 triplet
channel is highly dominant within the vortex core, caus-
ing the ZEP in the DOS.
Results and Discussions. It is now firmly established
that the electronic properties of a diffusive hybrid su-
perconducting structure can be described by the Usadel
equation within the quasiclassical framework [1, 2, 13].
The Usadel equation in the normal region reads [29]:
D∇ˆ(Gˆ∇ˆGˆ) + i[ερˆz, Gˆ] = 0, Gˆ(ε,R) =
(
GA GK
0 GR
)
, (1)
where D represents the diffusion constant in the N and S
regions and ε is the quasiparticle energy measured from
the Fermi level. We normalize all lengths by the super-
conducting coherence length, ξS =
√
~D/|∆0|, energies
by the superconducting gap at zero temperature, |∆0|,
and adopt natural units where ~ = kB = 1. The Green
function Gˆ(ε,R) is composed of the advanced, GA(ε,R),
retarded, GR(ε,R), and Keldysh, GK(ε,R), propaga-
tors, which carry the complete physical information of
the system considered. In the presence of an external
magnetic field, H = (0, 0, Hz), directed perpendicular
to the junction plane, the derivatives can be replaced
by their covariants, i.e. ∇ˆ = ∇ − [ieAρˆz, ...]. Here A
is the vector potential associated with the external field
H. In equilibrium, as considered throughout the pa-
per, the advanced and Keldysh propagators can be ex-
pressed via the Retarded Green function. In this case,
one can show that GA(ε,R) = −{ρˆzGR(ε,R)ρˆz}† and
GK(ε,R) = {GR(ε,R)−GA(ε,R)} tanh(εkBT/2), where
kB is the Boltzmann constant, and the system temper-
ature is denoted by T . Therefore, it suffices to focus on
the retarded Green function, and then eventually con-
struct the total propagator using the simple relations
above. One useful limit for F/S structures is the so-called
low proximity limit. This limit permits linearization of
the Green function, yielding a linear set of differential
equations that are in general coupled [11, 28]. Although
highly useful transport characteristics can be captured in
this limit, the full proximity regime allows for the study
of energy-resolved and spatially-resolved DOS, and other
relevant physical quantities. Hence, we first employ the
full proximity limit, resulting in a complex set of nonlin-
ear coupled differential equations [11] and then compli-
ment our findings with a spin parameterization technique
in the low proximity limit.
In establishing a numerically stable algorithm in
the full proximity limit, we use the so-called Riccati
parametrization [30], where it is convenient to introduce
two correlated functions γ and γ˜, which are in effect un-
known 2×2 matrices. In this parameterization scheme,
the retarded Green function takes the following form:
GR(ε,R) =
(
(1− γγ˜)Γ 2γΓ˜
2γ˜Γ (γ˜γ − 1)Γ˜
)
, (2)
FIG. 1. (Color online) Schematic of the S-Ho/N/Ho-S junc-
tion subject to a perpendicular external magnetic field H.
The junction plane resides in the z = 0 plane and the N/Ho
interfaces are located at x = ±L/2. The junction has a length
and width of L and W , respectively. The two helimagnets
(Holmium type) with internal fields h (see text) are attached
to the diffusive normal metal (N) solely for producing spin-1
triplet pair correlations. The perpendicular external mag-
netic field induces proximity vortices in the N region depicted
schematically.
in which Γ = (1+γγ˜)−1 and Γ˜ = (1+γ˜γ)−1. Substituting
the Riccati parameterized Green function into the Usadel
equation, Eq. (1), and considering the external magnetic
field, we arrive at the following equations for γ and γ˜ in
the N region of Fig. 1:
∂2k,k′γ − 2(∂k,k′γ)γ˜Γ∂k,k′γ − (2eHzk′)2 {2Γ− 1} γ
−4ieHzk′
{
∂kγ − (∂kγ)Γ˜− Γ∂kγ
}
= −2i ε
D
γ, (3a)
∂2k,k′ γ˜ − 2(∂k,k′ γ˜)γΓ˜∂k,k′ γ˜ − (2eHzk′)2
{
2Γ˜− 1
}
γ˜
+4ieHzk
′
{
∂kγ˜ − (∂kγ˜)Γ− Γ˜∂kγ˜
}
= −2i ε
D
γ˜. (3b)
For compactness, we have defined k ≡ x and k′ ≡ y for
the spatial coordinates so that ∂k,k′ ≡ ∂x + ∂y. We have
also employed the Coulomb gauge, so that ∇ ·A = 0.
We consider a realistic situation where the junctions
are well described by a tunneling process [31]. The ap-
propriate boundary conditions for this regime are the
Kupriyanov-Zaitsev boundary conditions [31]:
ζGˆn · ∇ˆGˆ = [Gˆ, GˆS], GRS =
( C Se+iϕ
Se−iϕ −C
)
, (4)
where ζ is the ratio of the barrier resistance to the re-
sistivity of the normal layer, and the components of the
retarded superconducting bulk solution [31], can be ex-
pressed by C ≡ cosh θσ0 and S ≡ i sinh θσy, in which
θ = atanh(∆/ε). The superconducting phase is de-
noted by ϕ and the unit vector normal to the interfaces
is denoted by n. Inserting the Riccati parameterized
Green function into the boundary conditions, Eq. (4),
we find the following first order differential equations at
3x = ∓L/2 with ϕ = ±φ/2:
∂kγ + 2ieHzk
′γ = ±(2 CS + γe
∓iφ/2 − e
±iφ/2
γ
)
Sγ
ζ
, (5a)
∂kγ˜ − 2ieHzk′γ˜ = ±(2 CS + γ˜e
±iφ/2 − e
∓iφ/2
γ˜
)
Sγ˜
ζ
. (5b)
Next, to generate spin-1 triplet correlations and have
them occupy the N region, several practical ways can
be considered [9]. For example, the triplets can be gen-
erated in a SF/N/FS type junction with the aid of uni-
form noncollinear magnets, or texturized magnets [9, 11].
Another option would be the use of spin-active inter-
faces in the form of magnetic insulators or materials with
strong spin-orbit coupling in the presence of a Zeeman
field [9]. Nonetheless, we emphasize that there are a
number of ways to generate spin-1 triplet correlations
that would yield essentially the same results presented
here. Therefore, to simplify the setup and proposed ex-
periment, we consider the structure sketched in Fig. 1,
with the assumption that the spin-1 triplet correlations
have been induced in the N region by the Holmium
(Ho) layers which can be described by additional terms
(h ·σ)γ− γ(h ·σ∗), and γ˜(h ·σ)− (h ·σ∗)γ˜ in the Usadel
equation Eq. (3a) and (3b), respectively. One can also
solve the Usadel equation (1) without the kinetic part
and derive new solutions to the bulk superconductors in
the presence of an inhomogeneous magnetization, the ef-
fect of which is to renormalize GˆS in Eq. (4), including
the C and S terms. The Holmium-like magnetization
pattern is coordinate dependent and can be described by
h = h0(cosψ, sinψ sinβx/a, sinψ cosβx/a), in which ψ
and β are the apex and azimuthal angles of the cone that
constitutes the spiral pattern (see Fig. 1), and a is the
atomic interlayer distance [32]. Here we take the widely
used values, ψ = 4pi/9 and β = pi/6 [32].
To determine the signatures of various proximity in-
duced superconducting correlations, we calculate the sin-
glet pair potential Upair:
Upair(R) = −N0λ
8
Tr
{
ρx − iρy
2
τz
∫
dεGK(ε,R)
}
, (6)
and the local density of states:
N (ε,R) = N0
2
Re
[
Tr{Gˆ(ε,R)}
]
, (7)
where N0 is the density of states per spin at the Fermi
level and λ is the pairing interaction constant.
To begin, we present the local DOS and pair potential
in Fig. 2 for the case h0 = 0, i.e. the Ho layers in Fig. 1
have been replaced with normal metals, and consequently
no triplet correlations exist. To further simplify our anal-
ysis, we consider a sufficiently wide junction, W  L,
and set the external magnetic field so that only a single
magnetic flux quantum Φ0 passes through the N region.
We also assume representative values of ζ = 4, the system
FIG. 2. (Color online) (a) Color map of normalized local
density of states as a function of quasiparticles’ energy ε and
location along the junction width y at x = 0 inside the dif-
fusive normal metal N when the outer Ho layers are off i.e.
h0 = 0. (b) Corresponding spatial map of normalized singlet
pair potential.
temperature set at T = 0.05Tc (with critical temperature
Tc), and a superconducting phase difference φ = pi. This
choice of φ only shifts the vortex core to x = y = 0
[11, 28] without affecting the final outcome. Due to the
single magnetic quantum flux in N, a single proximity
vortex is induced [26]. As seen in panel (b), the pair po-
tential vanishes at x = y = 0, coinciding with the normal
core of the vortex. To shed more light on the influence
of proximity effects on the vortex behavior, we have also
calculated the corresponding LDOS shown in panel (a)
as a function of the quasiparticle energy, ε, and location
along the junction width, y (at x = 0). It is apparent that
the LDOS at x = y = 0 is equal to unity which clearly
demonstrates that no singlet superconducting correlation
exist in the vicinity of x = y = 0, where the singlet pair
potential is zero. Note that Upair only involves the spin
singlet component of the Green function even in the pres-
ence of an external magnetic field. This can be clearly
seen in the low proximity regime where the contributions
from the singlet and triplet channels can be decomposed
[11]. Panel (a) shows that the LDOS becomes reduced at
locations away from x = y = 0. This can be understood
by noting that the singlet pair correlations are responsi-
ble for inducing a minigap in the hybrid structure. This
is reflected in the behavior of the pair potential [panel
(b)] which shows that Upair increases as one moves away
from the normal core of vortex (x = y = 0).
Panel (a) of Fig. 3 exhibits the LDOS at the center of
vortex (x = y = 0) vs the quasiparticle energy ε, and
at differing values of the exchange field: h0 = 0, 2∆, 4∆,
4FIG. 3. (Color online) (a) Local density of states as a function of quasiparticles’ energy ε at the vortex core, x = y = 0 (shown
in Fig. 2) for four values of internal field in the Ho layers, h0 = 0.0, 2.0∆, 4.0∆, and 6.0∆. (b) Corresponding singlet pair
potential, Upair, along the junction length, x, in the same location as the vortex core i.e. y = 0. (a) and (b) panels are obtained
within the full proximity limit and the other parameters are identical to those of Fig. 2. (c)-(e) show the modulus of singlet
|S(ε)|, spin-1 |Ty(ε)|, and spin-0 |Tz(ε)| triplets against ε within the low proximity limit. The solid lines show the correlations
at the vortex core while the dashed lines correspond to a representative location outside of the vortex core: x = 0.35L, y = 0.
and 6∆. Panel (b) illustrates the corresponding singlet
pair potential along the junction length in the x direc-
tion (at y = 0). To have absolute comparisons, the
parameters are kept the same as those used in Fig. 2.
The normalized DOS for h0 = 0 is equal to unity, cor-
responding to the normal phase at the vortex core as
discussed in relation to Fig. 2. Switching h0 to nonzero
values immediately induces a peak at zero energy and
its amplitude increases with stronger, more inhomoge-
neous internal fields h. This follows from the fact that
stronger IFMs can more effectively convert singlet corre-
lations into triplet ones. Although not shown here, our
results demonstrated a disappearance of the ZEP when
h is uniform and collinear. To clearly determine the type
of superconducting correlations responsible for the ZEPs,
one can simply consider the singlet pair potential shown
in panel (b). It is apparent that Upair completely van-
ishes at x = 0 where the associated LDOS is calculated
in panel (a). Therefore, the results clearly demonstrate
that the only nonvanishing pair correlations at x = y = 0
are the spin-1 triplet pairs, and therefore are responsible
for the induction of the ZEPs. When the opacity of the
interfaces is large enough, e.g. ζ = 10 − 20, the normal
and anomalous Green functions can be approximated by
|G| ∼ 1 and |F |  1 and one can expand the Green
function around the bulk solution. This regime allows
for the spin parameterization of the Green function via
F (R, ε) = i[S(R, ε) + τ ·T(R, ε)]τy, as exhaustively de-
scribed in Ref. 11. The Green function can then be de-
composed into its singlet S(R, ε), spin-1 Ty(R, ε), and
spin-0 Tz(R, ε) triplet components. Panels (c)-(e) illus-
trate the behaviour of these correlations at the vortex
core (x = y = 0) and at x = 0.35L, y = 0, outside of
the core. It is clearly seen that the largest nonvanishing
component within low energies at the center of the vor-
tex is the odd frequency equal spin component Ty(R, ε).
Although we have focused on precisely the vortex core
in our calculations, the spin singlet component should
be practically enough suppressed (and triplets dominate)
within a circle with a radius of the magnetic penetration
depth around the vortex core to experimentally reveal
the predicted signatures above.
It is known that vortices in clean superconductors can
host bound states that are separated in energy by an
amount∼ ∆2/εF [33]. These bound states yield a peak in
the LDOS of a vortex core at the Fermi level [33] that was
first observed in Ref. 35 and then followed up by numer-
ous theoretical and experimental works [36–44]. These
low-energy states reflect relevant details of the bulk gap
structure of the superconducting state [45]. It is impor-
tant to emphasize that the vortices discussed here are
in the diffusive limit where the quasiparticles move in
random directions after each collision with the scattering
sources and ξS is much larger than the mean free path,
thus excluding the existence of Andreev bound states at
the vortex cores. To achieve optimal DOS signatures, the
STM tip should be placed near the vortex core, where the
odd frequency triplet correlations are revealed through
an enhancement of the zero energy quasiparticle states
in close vicinity of the tip. Finally, it is worth mention-
ing that in light of the specific system parameters used
for producing spin-1 triplet correlations, the thickness of
the Ho layers and the actual magnetization patterns can
play important roles in the singlet to triplet conversion
process [11, 14, 15]. In this work, the two Ho layers are
considered identical and of thickness 10nm [11, 14, 15].
Conclusions. To summarize, motivated by recent ex-
perimental progress related to the proximity induced vor-
tices [25], we have proposed an experimentally accessible
platform that utilizes the cores of proximity vortices to
isolate the equal spin triplet pairings [1, 2]. We showed
that a proximity-induced vortex can be generated in the
normal layer of a two dimensional diffusive S-Ho/N/Ho-
S junction by applying an external magnetic field to the
junction plane, with the Holmium (Ho) layers serving as
sources of spin-1 triplet correlations. We then demon-
5strated that one can directly probe the equal spin triplet
pairings via a tunneling spectroscopy experiment at the
normal core of the vortex.
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